The frequency (fr4) locus of Neurosporu crussa plays a key role in the organization of circadian rhythms. Similar timing systems have been found in nearly all eukaryotes as well as some prokaryotes; thus,frq may be an excellent gene with which to conduct evolutionary studies. To investigate, we used the cloned fj-q locus from ascomycete fungi representing two classical taxonomic classes and three orders to examine two open questions in ascomycete evolution. Class Pyrenomycetidae is represented by several species of Neurospora, Sorduria jimicola, and Chromocrea spinulosa; class Loculoascomycetidae is represented by the marine fungus Leptosphaeria austruliensis. Generation of detailed restriction maps of homologs from the Neurosporu species allows analysis of evolutionary relationships among these closely related species. A maximum-parsimony tree based on these restriction data suggests that Neurospora tetrasperma groups more closely with Neurospora sitophila than with Neurospora crassa using the homothallic species Neurosporu galupagosensis as an outgroup. A maximum-parsimony tree derived using amino acid sequences from Neurospora crassa, Sordaria jimicola, Chromocrea spinulosa, and Leptosphaeria australiensis surprisingly suggests that Leptosphaeria austruliensis should be classified within Pyrenomycetes rather than in a separate class. This suggestion is based on the observations that Leptosphaeria groups with Chromocrea on an evolutionary tree, is more closely related to Neurosporu and Sorduria than is Chromocrea, and shares a conserved in&on with Chromocrea.
Introduction
Ascomycete fungi such as yeast, Neurosporu, and
Aspergillus
are widely used in genetic and molecular biological research, and, as a consequence, there has been considerable interest in their taxonomy and evolution. Traditionally, ascomycetes have been divided into six classes based on fruiting body structure, ascus morphology, and ascus arrangement ( figure 3A ) (Ainsworth 1973 ; Moore-Landecker 1990) . More recently, however, a taxonomy based mainly on ascus morphology has been proposed that disregards traditional classes and converts several of these to orders (Kendrick 1992) .
Debate also extends to evolutionary relationships at the species level. In Neurospora, there are four heterothallic species, two pseudohomothallic species, and eight homothallic species currently identified and available from the Fungal Genetics Stock Center (University of Kansas). Only recently has the availability of molecular data allowed detailed investigation of the interrelationships within and among these species. Thus far, relationships within the genus Neurospora have been investigated using restriction site data for mitochondrial DNA (Taylor 1986; Taylor, Smolich, and May 1986; Taylor and Natvig 1989) , sequence data for the matingtype locus (Randall and Metzenberg 1995) , as well as sequence data from PCR products defived from the frq locus (Merrow and Dunlap 1994 ). An important, yet unanswered, question concerns the evolutionary relationships among the four-spored, pseudohomothallic species Neurospora tetraspenna relative to the eight-spored, heterothallic species (e.g., Neurospora crussa and Neurosporu sitophila) and the numerous homothallic species (e.g., Neurospora galapagosensis). Two of the studies above have addressed aspects of this question (Taylor and Natvig 1989; Randall and Metzenberg 1995) which suggest that Neurospora tetrasperma diverged from Neurospora crassa and Neurospora sitophila prior to the divergence of the latter two species from one another.
Both amino acid and nucleic acid sequence data have recently been used in fungal evolutionary studies. The most extensive studies have used 18s ribosomal DNA sequences (Hendriks et al. 1991; Illingworth et al. 199 1; Berbee and Taylor 1992; Bowman et al. 1992 ); 5s ribosomal DNA sequences have also been used (Dayhoff 1983; Hori and Osawa 1987; Morales, Pelcher, and Taylor 1993) . Recently, amino acid sequence data for orotidine 5'-monophosphate decarboxylase and glyceraldehyde-3-phosphate dehydrogenase have also been used (Smith 1989; Radford 1993) . These molecules are attractive for taxonomic studies because each plays a central cellular role in all organisms throughout the evolutionary tree. Use of these molecules in fungal systematics has clarified the position of fungi on the evolutionary tree and has resulted in classification of a variety of fungi whose morphology and/or life cycle made classification difficult.
Circadian timing systems, like the examples above, appear to be universal. They are found in most eukaryotes as well as in some prokaryotic organisms. Their ubiquity and ancient evolutionary origin make the circadian timing system an attractive target for evolutionary studies. Circadian rhythm genes, then, may provide an excellent molecular tool to assess evolutionary relationships between organisms. The frq locus of Neurospora crussa plays a key role in the organization of the circadian timing system. Genetic analysis of the locus has identified alleles that alter the period length of asexual spore formation (conidiation).
Mutations have been identified that cause both long and short periods relative to the wild-type value of 21.5 hours. In addition, one recessive allele,frq4 results in conditional arrhythmicity and a complete loss of temperature compensation (the mechanism by which the period length remains relatively unaffected by changes in ambient temperature). Full-length frq genes have been cloned from a number of Neurosporu species (Lewis, Morgan, and Feldman 1996) . In addition, sequences are available from the closely related species Sordaria jimicola (Merrow and Dunlap 1994) as well as from two more divergent species, Leptosphaeria australiensis and Chromocrea spinulosa (Lewis, Morgan, and Feldman 1996) . Given the important role that frq plays in organizing and maintaining the circadian timing system, and the presence of distinct regions of variability in the gene even among closely related species, we propose that frq may be an excellent molecule with which to investigate evolutionary relationships.
To illustrate, we present data that address the evolutionary questions raised above concerning the relationships within the genus Neurospora and within ascomycete fungi. These data show that the pattern of conservation and divergence within the frq gene is useful for investigating evolutionary relationships between both closely and distantly related species of ascomycete fungi and suggest thatfrq may be useful for determining relationships among organisms in general.
list of enzymes is shown in figure 1 . Six additional restriction enzymes (EcoRV, Pvu II, Pst I, Sal I, Sma I, and Sph I) were used to map Neurospora crassa, Neurospora sitophila, and Neurospora tetrasperma to verify branch order among these three species in the tree derived from the lo-enzyme data. These additional data are are available from the authors on request. Restriction maps for Neurospora crassa and SordariaJimicola were generated according to published sequence data (McClung, Fox, and Dunlap 1989; Aronson, Johnson, and Dunlap 1994; Merrow and Dunlap 1994) . Amino acid sequences used in the alignment ( fig. 2 ) were obtained as follows: Neurosporu crussa (accession: U17073; L14465) (Aronson, Johnson, and Dunlap 1994) , Sorduria$micoZu (accession: L14467) (Merrow and Dunlap 1994) , Leptosphaeria austruliensis (accession: U2585 l), and Chromocrea spinulosa (accession: U25850) (Lewis, Morgan, and Feldman 1996) .
Sequence Comparison, Alignment, and Evolutionary Analysis

Materials and Methods
DNA Isolation and Manipulation
The Neurospora crassa frq genomic clone was obtained by subcloning an 8.6-kb CZa I fragment that contains thefrq gene from cosmid 6:5A of the Volmer and Yanofsky cosmid library (Volmer and Yanofsky 1986; McClung, Fox, and Dunlap 1989) into the 7zf plasmid vector (Promega). Genomic frq clones from the various other Neurospora species and from Leptosphaeria australiensis and Chromocrea spinulosa were previously cloned as described (Lewis, Morgan, and Feldman 1996) Pustell graphic comparison plots were generated using the MacVector software package (IBI). The multiple sequence alignment of the amino acid sequences is exactly as published in Lewis, Morgan, and Feldman (1996) . Trees were constructed using PAUP (version 3.1 .l) (Swofford 1989) and statistically analyzed by bootstrap analysis (Felsenstein 1985) using 100 resampled data sets. Intron sequences in the Leptosphaeria australiensis and Chromocrea spinulosa genes were identified as described (Lewis, Morgan, and Feldman 1996) and were aligned by eye.
An evolutionary tree for the Neurospora species was constructed using the restriction data shown in figure 1. The lo-enzyme restriction map for the four Neurosporu species was converted to an ordered array of all mapped restriction sites and clones were each scored as either "1" (restriction site present) or "0" (restriction site absent) for each site. These data were used by PAUP to construct a tree using the maximum-parsimony method. Maximum-parsimony methods operate under the general premise that the best tree is the tree that accounts for the observed changes among the data in the fewest number of steps (in other words, the tree with the shortest overall branch length). Restriction maps forfrq homolog clones were genSince it was possible that the tree derived from the erated according to standard techniques using 10 restriclo-enzyme data could suffer from sampling error and tion enzymes (New England Biolabs, Boehringer Mannthus misrepresent the branch order among the three most heim), each with a six-base recognition sequence. SDSStDKSQ;SPIRIDt1DiSDKNGRR9X~KTQQA . ----:---------;sE~GR?GIs;sPs~?I~~w~NsM~~tsL . .
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The estimated number of nucleotide substitutions per site (d$ between each pair of homologs is related to S, by the equation dg = (-log,(S,))lr (2) where r is the number of bases in the recognition sequence for a single class of restriction enzymes (in this case, six).
To examine relationships among the four sequenced frq homologs, the amino acid multiple sequence alignment was used in PAUP to generate evolutionary trees by the maximum-parsimony method. Trees were constructed by using all characters in the alignment as well as by using only informative characters (alignment positions that distinguish between evolutionary groups). In addition, a maximum-likelihood tree was constructed using the PHYLOTREE feature of the ETH sequence analysis system based on the multiple sequence alignment generated by MULALIGNMENT (available by fileserver [cbrg@inf.ethz.ch]) (Benner et al. 1994) . Maximum-likelihood methods use evolutionary distance estimates for deriving the tree that are based on a given model for evolutionary change. In this case, the evolutionary model is the amino acid substitution model of Dayhoff, Schwartz, and Orcutt (1978) .
Results
Evolution of frq Homologs Within the Genus Neurospora
The lo-enzyme restriction maps ( fig. 1 ) for the four Neurospora species and Sordaria jimicola show considerable site conservation within thefrq coding region and at the 5' ends of the clones (not included in Sordaria jimicola). Greater variability is seen in the region that gives rise to the 1.5kb transcript in Neurospora crassa through the 5' end of the frq coding region as well as the extreme 3' ends of the clones. This variability suggested that the restriction map might be useful in assessing evolutionary relationships among these species. Detailed restriction maps were also generated for both the Leptosphaeria australiensis and Chromocrea spinulosa clones ( fig. 1) . Comparison of these maps with those generated for Sordaria jimicola and the various Neurospora species showed very few sites that could be construed as conserved (not taking into account large insertions or deletions). This observation implied that the evolutionary distance between these species was too large to construct an evolutionary tree based on restriction data.
A maximum-parsimony evolutionary tree based on the lo-enzyme restriction maps for the four Neurospora species ( fig. 30) shows Neurospora tetrasperma to be more closely related to Neurospora sitophila than to Neurospora crassa. These three species are also shown to cluster together in a distinct group away from the homothallic species Neurospora galapagosensis. Thus, Neurospora galapagosensis serves as an outgroup to root the tree for the other three species. The branch order of the tree, then, suggests that the four-spored, pseudohomothallic species Neurospora tetrasperma diverged from the Neurospora sitophila lineage after the divergence of eight-spored, heterothallic species Neursopora sitophila and Neurospora crassa from one another. Bootstrap analysis of 100 resampled data sets supported this topology at a 90% confidence level.
To determine whether the topology of the tree was, indeed, correct among the three most closely related Neurospora species, we generated a 16-enzyme map for Neurospora crassa, Neurospora sitophila, and Neurospora tetrasperma and analyzed it by the distance method of Nei and Miller (1990) . Table 2 shows the estimated number of nucleotide changes per site (d& for each pair of sequences and the values used to compute do. As shown, the dg between Neurospora sitophila and Neurospora tetrasperma is about 70% lower than the d, values obtained when either is compared with Neurospora crassa. Therefore, the maximum-parsimony tree generated based on the lo-enzyme restriction map is independently supported by distance estimates derived from the 16-enzyme map. In summary, these data indicate that Neurospora tetrasperma is more closely related to Neurospora sitophila than to Neurospora crassa and that Neurospora sitophila and Neurospora tetrasper-ma are each about equally distant from Neurospora crassa.
Evolution of the Leptosphaeria Chromocrea spinulosa Genes australiensis and
Pustell matrix comparisons (data not shown) and multiple sequence alignment ( fig. 2 ) of the conceptually translated FRQ proteins with one another show that the pattern of conservation and divergence among the FRQ proteins is not uniform and indicate that the first two thirds of the protein is most conserved. These data also demonstrate that the Leptosphaeria and Chromocrea amino acid sequences are substantially divergent from those of Neurospora and Sordaria and are significantly different from each other. Furthermore, most of the conserved segments are short and are interspersed between regions of extensive divergence.
A maximum-parsimony phylogenetic tree ( fig. 3B ) based on the amino acid multiple-sequence alignment groups Neurospora with Sordaria while clearly placing Leptosphaeria on the same branch as Chromocrea. This arrangement is supported by bootstrap analysis at a 100% confidence level as well as by inspection of the percent identity shared among the sequences (table 3) . The tree generated using only informative sites ( fig. 3C) showed the same topology and accentuates the grouping of Leptosphaeria australiensis with Chromocrea spinulosa. Bootstrap analysis also supports this tree at a 100% confidence level. A maximum-likelihood tree generated using the alignment constructed by the ETH method also showed the same topology (data not shown) despite the fact that the computer-generated alignment was somewhat different from that shown in figure 2 in some of the more divergent segments of the alignment. (C) and number of resampled data sets (N) are shown below each tree when appropriate. A, An evolutionary tree based on classical taxonomic criteria (Ainsworth 1973; Moore-Landecker 1990) . B, Unrooted maximumparsimony evolutionary tree for the four frq homologs using all characters in the amino acid sequence alignment. Relative distances are noted along each branch. C, Unrooted maximum-parsimony tree using only informative characters in the amino acid sequence alignment. Relative distances are noted along each branch. D, Unrooted maximum-parsimony evolutionary tree based on the IO-enzyme restriction map for the four Neurospora j?q homologs. Relative distances are noted along each branch. The branch order shown is independently supported by 16 enzyme enomycetes (Mathieson 1952; Miiller and von Arx 1973) we had expected the species to act as an outgroup member. Surprisingly, the branch lengths in the tree derived using all positions in the alignment ( fig. 3B) show Leptosphaeria to be more closely related to Neurosporu and Sordaria than is Chromocrea.
Independent support for the topology of the trees depicted in figure 3B and C comes from the previously reported observation (Lewis, Morgan, and Feldman 1996) that Leptosphaeria australiensis and Chromocrea spinulosa genes share an intron in the same position in the same codon in both sequences (between positions 108 and 109 in the alignment shown in fig. 2 ), whereas the Neurospora crassa and Sordaria jimicola genes do not contain introns (Aronson, Johnson, and Dunlap 1994; Merrow and Dunlap 1994) . Figure 4 shows the Leptosphaeria australiensis and Chromocrea spinulosa intron sequences in comparison to consensus splice signals for Neurospora crassa. The intron sequences are remarkably well conserved in length (57 bp and 61 bp,  respectively) and, as aligned, show 75% identity over 52 positions (excluding gaps). This result further suggests that Leptosphaeria australiensis and Chromocrea spinulosa are more closely related to each other than would be expected based on classical taxonomic criteria and adds credence to the tree topologies shown in figure 3.
Discussion
By addressing two open questions in ascomycete systematics, these data demonstrate that the frq gene is a useful molecular marker for evolutionary studies of
Evolution of the frequency (frq) Clock Locus 1239 both closely related and distantly related species of fungi. This value is due to an irregular pattern of conserved regions interspersed with variable regions both within the entire locus and within the frq coding region itself. By analogy with rDNA sequences (highly conserved) relative to the internal transcribed spacer region (ITS) (highly variable) typically used in evolutionary studies, variation within conserved regions allows grouping of more distantly related species while sequence differences within variable regions allow grouping of more closely related species.
The first question addressed by these data involves the evolution of the four-spored, pseudohomothallic species Neurospora tetrasperma relative to the eightspored, heterothallic species Neurosporu crassa and Neurosporu sitophila. Based on detailed restriction data for thefrq locus, our analyses indicate that frq is highly useful for assessing relationships even among closely related species. Further, they suggest that Neurospora tetrasperma diverged from the Neurospora sitophila lineage after the divergence of Neurospora sitophila from Neurospora crassa using the homothallic species Neurospora galapagosensis as an outgroup. Our finding that the pseudohomothallic species Neurospora tetrasperma arose after the divergence of the heterothallic species from the homothallic species is consistent with the study by Randall and Metzenberg (1995) using the mating-type locus. However, our analysis is not consistent with the findings of either Taylor and Natvig (1989) or Randall and Metzenberg (1995) that suggest that Neurosporu tetrusperma diverged prior to the divergence of Neurospora crassa and Neurospora sitophila from each other. The reasons for this discrepancy are unclear. Determination of the pattern of evolution among these closely related species may be complicated, in part, due to the fact that they are not yet completely reproductively isolated. It is possible that different genes will show a different pattern of evolution depending on the reproductive history and degree of re-L. australiensis productive isolation of the strains from which the data are derived. Clearly, additional genes will need to be examined to resolve this issue and may offer insight into the process of speciation in Neurospora.
The second evolutionary question addressed by these data deals with the appropriate use of the taxon class in ascomycete systematics. With respect to the pattern of evolution among the FRQ protein sequences, it appears that our data are at odds with classical taxonomic divisions for these species (Mathieson 1952; Ainsworth 1973; Luttrell 1973; Mtiller and von Arx 1973; Moore-Landecker 1990) . Chromocrea spinulosa has been placed in the class Pyrenomycetidae, the same broad taxonomic group containing both Neurospora sp. and Chromocrea on the same branch of an evolutionary tree. The striking observation that Leptosphaeria, a marine ascomycete, is shown to be more closely related to Neurospora than is Chromocrea strongly suggests that Leptosphaeria australiensis should most likely be classified within the Pyrenomycetidae, despite their classical taxonomic differences.
There are two main limitations to the analysis of the amino acid sequence data. One limitation is that our data lack representatives of other traditional classes such as Plectomycetidae or Hemiascomycetidae. Therefore, we cannot make statements regarding relationships with fungi in these other classes. The second limitation is that we do not have a suitable outgroup species (such as a basidiomycete) with which to root the tree, and, as a result, the order of divergence in our tree cannot be determined with certainty.
In this regard, the evolution of the oilseed (canola) pathogen Leptosphaeria maculans (presumably related to Leptosphaeria australiensis) has recently been examined using sequences from 5s rDNA (Morales, Pelcher, and Taylor 1993) Our data are generally consistent with the findings of Berbee and Taylor (1992) that support the use of at least two fungal classes, Plectomycetidae and Pyrenomycetidae, based on molecular data for 18s rDNA and fruiting body morphology.
The fruiting bodies of the Pyrenomycetidae are generally perithecial (possessing an opening for the ejection of ascospores), whereas the Plectomycetidae generally have cleistothecial fruiting bodies (no opening). The fruiting bodies of Loculoascomycetidae are pseudothecial rather than perithecial but are distinctly different from the cleistothecial fruiting bodies of Plectomyceidae in that the latter does not possess an opening for the ejection of ascospores. Our data based on frq and the data using nitrate reductase suggest that the differences in fruiting body morphology (perithecial vs. pseudothecial vs. cleistothecial) may not be sufficient to divide Loculoascomycetidae into a separate class.
One interesting aspect of the data is that, while some short regions of FRQ are well conserved, FRQ appears to be a rapidly diverging protein over much of its length. This might be expected given that frq is not an essential gene and may be inactivated in Neurospora with no significant inhibition of growth or alteration of morphology (Aronson, Lindgren, and Dunlap 1994) . Similar results have been seen for the per gene of insects (which also plays a key role in the generation of circadian rhythms). Analysis of per genes from several Drosophila species and the giant silkmoth Antheraea pemyi as well as fragments cloned from other species (Reppert et al. 1994) shows that the PER protein also contains regions of high conservation interspersed with regions of extensive divergence. A null mutant be+) of Drosophila melanogaster renders the fly arrhythmic but otherwise shows no dramatically deleterious effect. Together, these data suggest that frq and per (and perhaps circadian rhythm genes in general) may largely escape the selective pressure maintained on essential genes, allowing them to diverge more rapidly in some regions, thus making them very useful for evolutionary studies.
